Stimulation of different T-cell subsets during antigen presentation influences the antibody isotype response to an antigen. Salmonella infection and Salmonella bacterin vaccination are likely to stimulate different T-cell subtypes. The objective of this study was to determine whether there are differences in the isotype response of cattle to Salmonella antigens following Salmonella infection and Salmonella bacterin vaccination. Sera from Salmonella bacterin-vaccinated, experimentally infected, and chronically infected (carrier) adult cattle collected during previous studies was used to evaluate the IgG 1 , IgG 2 , and IgM isotype responses of cows to Salmonella serotype Dublin lipopolysaccharide (LPS) and porin. Following vaccination and experimental oral infection, IgG 1 titers to LPS and porin rose more quickly and persisted longer than did IgG 2 titers. In contrast to Salmonella infection, bacterin vaccination stimulated a weak response to Salmonella porin. Salmonella infection also induced a higher IgG 2 :IgG 1 titer ratio to LPS than did bacterin vaccination. Chronic Salmonella infection induced the highest LPS and porin IgG 2 :IgG 1 titer ratios and the highest correlation between LPS and porin titers. Response operating characteristic curves for each isotype-specific enzyme-linked immunosorbent assay (ELISA) were determined to evaluate the effect of isotype on the sensitivity and specificity of Salmonella ELISA serology for distinguishing sera of Salmonella carriers from those of vaccinated and acutely infected cows. IgG 2 titers to LPS and porin provide a more specific indicator of chronic Salmonella infection status than do IgG 1 titers to the same antigens with little to no loss in sensitivity.
The prevalence of Salmonella in intensive food producing industries and the link of infected foodstuffs to human outbreaks of salmonellosis has focused public health attention and political pressure on livestock industries to control Salmonella infections. Estimates of the prevalence of Salmonella on dairy farms in California range from 16% to 73%. 14, 15, 18 Livestock mortality, increased therapeutic costs, reduced production, discarded milk, and reduced consumer confidence all contribute to the cost of Salmonella infections to cattle industries.
Persistence of Salmonella in herds is associated with repetitive contamination of salable milk even in the absence of continued clinical disease. 4 Farms with endemic Salmonella infections often report a cyclic pattern of clinical cases, possibly reflecting introduction of new serotypes, fluctuations in herd immunity, environmental stress, or changes in herd management or bacterial virulence. Reservoirs of Salmonella in infected herds include contaminated environments, rodents, birds, and chronically infected carrier cows. 13, 17 Of the Salmonella serotypes commonly isolated from cattle, Dublin is the only one host-adapted to cattle. Chronic infections with other serotypes including Typhimurium, 5, 6, 12 Muenster, 1 and Enteritidis, 24 have been reported but are believed to be less common.
The existence of Salmonella carriers has been recognized for many years, but attempts to remove them from commercial dairy herds have been limited by the low sensitivity (caused by intermittent shedding of organisms) and high cost of repetitive fecal and milk cultures. Salmonella enzyme-linked immunosorbent assay (ELISA) serology has been used for the identification of Salmonella Dublin carriers by evaluation of IgG titers to serotype Dublin lipopolysaccharide (LPS). 8, 19 Adult cows responding to Salmonella infection and vaccination produce antibodies to Salmonella LPS. Chronically infected cattle can be distinguished by persistence of this response. 19 On-farm application of this ELISA involves collection of serum or milk from all cows in a herd and measuring IgG titers to Salmonella LPS. Cows with high titers are retested in 60 days, and a persistent high titer is considered indicative of chronic infection. Serology has been used successfully to control Salmonella Dublin herd infections in Europe 10 and the United States (personal observation). Serology has also been used to evaluate Salmonella infection status on a herd 7 and flock 23 basis. In Salmonella-vaccinated herds (43% of California dairy herds) 18 and herds experiencing Salmonella outbreaks, the proportion of animals requiring repeated sampling to distinguish Salmonella carriers from vaccinated and convalescent animals is often high.
Recent findings in murine and human immunology have included the description of 3 subsets of T helper cells and the cytokines they produce. Resting or Th 0 T helper cells are believed to differentiate into type 1 T helper cells (Th 1 ) or type 2 T helper cells (Th 2 ) under the influence of cytokines produced by antigen-presenting cells. Cytokines produced by Th 1 and Th 2 cells influence isotype switching. Intracellular bacterial pathogens tend to stimulate a Th 1 -type immune response. Vaccination of mice with Salmonella bacterins using aluminum hydroxide as an adjuvant favors a Th 2 -type response. 22 Serologically, the type of immune response is reflected by the isotypes produced. Isotype switching in cattle is likely to be regulated in a similar manner. The aim of this study was to evaluate the isotype response of vaccinated, convalescent, and carrier cows to 2 Salmonella outer membrane antigens, LPS and porin, to determine whether distinction of Salmonella carriers from vaccinated and acutely infected cows can be facilitated by use of an isotype-specific ELISA.
Materials and methods

Study groups
All sera used in this study were collected in previous experiments: experimental oral infection (n ϭ 6), 19 vaccination with a commercial Salmonella Dublin/Typhimurium bacterin (n ϭ 12), 21 and natural carriers (n ϭ 14). 8, 19 All sera had been stored at Ϫ70 C.
Group 1: experimental oral infection. The methods for this experiment have been previously reported. 19 Cows were orally challenged with Salmonella Dublin via stomach tube on days 0, 25, and 41 with 3.8 ϫ 10 9 , 3.8 ϫ 10 10 , and 3.8 ϫ 10 11 salmonellae, respectively. Of the 7 cows originally challenged, only the 6 cows that survived 26 wk postchallenge were included in the present study. The challenge organism used was a virulent strain of Salmonella serotype Dublin (SL 1367) isolated from a calf. 20 None of the cows developed persistent Salmonella Dublin infections. All cows shed Salmonella Dublin in feces for up to 7 days postchallenge, and none of the cows shed Salmonella Dublin in the milk. Serum was collected from each cow weekly; biweekly serum samples were included in the present study, with the first sample collected prior to challenge and the last collected 26 wk following challenge.
Group 2: vaccinated cows. The IgG and IgM response of these cows to Salmonella Dublin LPS has been previously reported. 21 Eight lactating cows from the University of California campus dairy that were determined not to be infected with Salmonella by bacteriologic culturing of milk and feces and that had no history of clinical salmonellosis were inoculated with a commercial Salmonella Dublin/Typhimurium formalin-killed bacterin. a Cows were given 2 doses of the bacterin 2 wk apart, according to label directions. To increase the sample size, sera from another 4 cows vaccinated using the same protocol but not previously reported were included in this group. Sera collected from the cows prior to vaccination and at biweekly samplings for 8 wk following vaccination were included in this study.
Group 3: natural Salmonella Dublin carriers. Sera from 14 cows with natural chronic Salmonella Dublin infection were available from 2 previous studies. 8, 19 Cows in the first study (n ϭ 7) 19 were identified by repetitive milk and fecal cultures, and cows in the second study (n ϭ 7) were identified by persistent IgG titers to Salmonella Dublin LPS and subsequent milk and fecal cultures. All cows had shed Salmonella at least once during the studies of 12 mo and 6 mo, respectively. Serum was collected from cows at weekly intervals. Monthly serum samples are included in the present study to give a total of 12 samples from each cow in study 1 and 6 samples from each cow in study 2.
Culture methods
The culture methods used in each experiment have been described previously. 8, 19, 21 All cultures included an 18-24-hr enrichment step in selenite and/or tetrathionate broth followed by selective plating on brilliant green agar. Lactosenegative colonies were tested on triple sugar iron, urea, and o-nitrophenyl-␤-D-galactopyranoside media. Isolates with typical Salmonella reactions were tested for agglutination with polyvalent and O-group-specific antisera and sent to the National Veterinary Services Laboratories in Ames, Iowa, for serotyping.
Preparation of LPS
Salmonella Dublin LPS was prepared using a previously described phenol-water extraction technique. 18
Preparation of porin
Salmonella Dublin porin was prepared using a previously described method 11 with some modifications. Twenty liters of trypticase soy broth was inoculated with Salmonella Dublin and incubated at 37 C for 18 hr. Cells were then harvested by centrifugation at 1,600 ϫ g for 20 min and washed twice with 0.01 M ethylene diamine tetraacetic acid (EDTA), 0.1 M Tris HCl (Tris-EDTA buffer). Washed cells were suspended in Tris-EDTA buffer including 1 mg of lysozyme per gram of cells and stirred at 20 C for 2 hr. After lysozyme digestion, the cells were washed twice with 0.01 M MgCl 2 , 2% Triton X-100, 0.1 M Tris (pH 7.5) and suspended in 0.01 M EDTA, 0.2% Triton X-100, 50 mM Tris HCl (pH 7.5) prior to disruption by passage through a French pressure cell b at 20,000 psi. Trypsin was added to the disrupted cells (2.5 mg/5 g cells), and the mixture was digested for 12 hr at 40 C. Particulate matter was then removed by centrifugation at 1,600 ϫ g for 20 min, and the supernatant was diafiltered over a 50-kD membrane with 20 liters of 0.05 M Tris HCl (pH 7.5). Final purification of the retentate was achieved by ion exchange chromatography (Q sepharose HP) c with purified porin eluted using a 30 mM Tris HCl (pH 7.5), 6 mM Zwittergent, 0.2-1 M NaCl gradient. 
ELISA
The ELISAs in this study were performed according to a previously described method with substitution of isotypespecific conjugates. 18 Phosphate-buffered saline (PBS) solution containing LPS (10 g/ml) or porin (3 g/ml) was incubated in 96-well polystyrene (100 l/well) microtitration plates at 37 C for 12 hr. Plates were then washed 3 times using PBS with 0.05% Tween 20 (PBS-Tween). Test sera were diluted 1:50 in PBS-Tween, pipetted in duplicate into wells on microtitration plates, and titrated in a series of 2fold dilutions. Plates were then incubated at 37 C on a rotating shaker for 20 min and washed 3 times with PBS-Tween. For detection of IgG 1 , IgG 2 , and IgM, the respective affinity-purified horseradish peroxidase conjugate from a commercial source d was diluted (IgG 1 , 1:1500; IgG 2 , 1:500; IgM, 1:800) in PBS-Tween and added to all wells in the plate. Plates containing conjugate were incubated for a further 20 min at 37 C on a rotating shaker and washed 3 times on a plate washer e (each wash including a 90-sec soak), and 0.125 ml of enzyme substrate solution (0.05 M citric acid, pH 4.0, 0.2 mM 2,2Ј-azino-bis [3-ethyl benzthiazoline-6 sul-fonic acid] diammonium salt, 0.2 M hydrogen peroxide) was added to each well. Plates were then incubated in the dark at 37 C for a further 20 min on a rotating shaker, and absorbance was read using an automated ELISA plate reader f at a wavelength of 410 nm. Titer was defined as the reciprocal of the highest dilution with a mean optical density (OD) equal to or greater than the mean OD ϩ 2 SDs of the negative control. Positive and negative control samples were run in quadruplicate on each plate. Positive-control serum was obtained from a Salmonella Dublin mammary carrier, and negative control serum was obtained from a persistently culture-negative cow. The coefficient of variation between plates in each ELISA was Ͻ10%.
Results
The isotype response of vaccinated and experimentally infected cattle to Salmonella Dublin LPS and porin is presented in Fig. 1 . Following vaccination and experimental infection, IgG 1 titers to LPS and porin rose more quickly and persisted longer than did IgG 2 titers. The early transient IgM response of both groups to both antigens reflected a typical primary immune response. Comparison of the peak IgG 1 and IgG 2 LPS and porin titers of the experimentally infected and bacterin-vaccinated cows using a 2-sided t-test indicated the titers of the Salmonella-infected cows were significantly greater than the titers of bacterin-vaccinated cows (P Ͻ 0.05). In contrast to the Salmonella-infected cows, the bacterin-vaccinated cows responded poorly to Salmonella porin. Following vaccination, the mean ratio of the peak porin and LPS titers (0.779) was significantly lower than the ratio following experimental infection (0.958, P Ͻ 0.05). No detectable IgG 1 or IgG 2 response to porin was observed in the sera of 3 vaccinated cows, and another 3 cows had peak titers of 1:50, the lowest serum dilution tested.
To evaluate the relative production of IgG 1 and IgG 2 following Salmonella Dublin infection and vaccination, the peak IgG 1 and IgG 2 titers were expressed as a ratio of IgG 2 to IgG 1 , and the mean ratio of the 2 groups was compared by a 2-tailed t-test. The LPS IgG 2 :IgG 1 ratio following infection (0.91) was significantly greater than the ratio following vaccination (0.83, P ϭ 0.024). No significant difference was observed in the ratio of Salmonella Dublin porin IgG 1 and IgG 2 titers between the vaccinated (0.98) and experimentally infected cows (0.87, P ϭ 0.16). The lack of response to porin by some of the bacterin-vaccinated cows skewed the IgG 2 :IgG 1 ratio toward 1 because by convention a nondetectable response is assigned a titer of 25, 1 dilution below the lowest dilution tested. Chronic Salmonella infection was associated with a mean LPS IgG 2 :IgG 1 ratio of 1.003 and a mean porin IgG 2 :IgG 1 ratio of 1.025.
The response of Salmonella Dublin carrier cows to Dublin LPS and porin is presented in Fig. 2 . The isotype response of Salmonella Dublin carrier cows to both antigens is very similar. The inversion of the IgG 2 and IgG 1 ratio of Salmonella carriers contrasts with the high IgG 1 and low IgG 2 titers of the vaccinated cows. There was also a close correlation between LPS and porin titers of Salmonella carrier cows (IgG 1 R 2 ϭ 0.89, IgG 2 ϭ 0.827). The correlation between LPS and porin titers was lower following experimental infection (IgG 1 ϭ 0.752, IgG 2 ϭ 0.623) and vaccination (IgG 1 ϭ 0.662, IgG 2 ϭ 0.632). For all groups, the correlation between IgG 1 LPS and porin titers was greater than the correlation between IgG 2 LPS and porin titers.
Differentiation of Salmonella carrier cows from vaccinated and convalescent animals using a single ELISA titer is confounded by overlap of titers between groups. Salmonella infection favors isotype switching to IgG 2 in comparison to bacterin vaccination. Measurement of IgG 2 titers should improve the specificity of Salmonella serology for Salmonella carriers. The sensitivity and specificity of each isotype-specific ELISA using the same set of sera was compared using response-operating characteristic (ROC) curves (Fig.  3) . The ROC curves were created using all sera collected from each group of cows (n ϭ 35), creating a hypothetical population containing 126 Salmonella carriers, 60 vaccinated cows, and 84 acutely infected cows. Sera from Salmonella carriers were classified as positive, and sera from acutely infected or vaccinated cows were classified as negative. The ROC curves were generated using a software program. g The ROC curve is a plot of the true-positive rate (sensitivity) verses the false-positive rate (100 Ϫ specificity) over a series of test cutoffs. The overall accuracy of a test can be described as the area under the ROC curve; the larger the area, the better the test. The area under the curve for the IgG 2 LPS (90.1%) and porin (92.2%) ELISAs was greater than the area under the curve of the LPS (83.4%) and porin (87.9%) IgG 1 ELISAs. The application of ROC curves in this example is for comparative purposes only. Because multiple samples from each cow were included, the measurements are not independent, which will tend to favor an overestimate of the sensitivity and specificity of the tests. On-farm application of the tests is required to determine the true sensitivity and specificity of the ELISAs under field conditions.
Discussion
Typically, dairy owners, cattle producers, and veterinarians are interested in identifying and removing Salmonella carriers on farms with endemic calf salmonellosis or during Salmonella outbreaks. The seroprevalence of anti-Salmonella antibodies in such herds is generally high from natural exposure and vaccination with Salmonella bacterins. The diagnostic challenge of Salmonella serology is the differentiation of Salmonella carriers from vaccinated and convalescent animals. Carriers can be identified with repeated sampling of seropositive animals and demonstration of persistent Salmonella LPS ELISA titers. Identification of carriers in a herd with many seropositive animals or in the face of a Salmonella outbreak may thus require a relatively large proportion of the herd to be retested. The logistics of locating and sampling cows on large dry-lot dairies can be problematic. Occasionally, 60 days after the initial sample collection the Salmonella outbreak will be resolving along with the dairy owner's resolve to eliminate subclinical Salmonella carriers. Failure to remove Salmonella carriers results in continued contamination of salable milk and provides a reservoir of infection for the herd. Identification of carriers using a single serum sample offers obvious advantages.
Bacterial intracellular pathogens such as Salmonella tend to induce a Th 1 -type immune response in mice and humans. 16 Subsets of bovine T helper cells have been identified, but the existence of Th 1 and Th 2 immune responses is unknown. In mice, interleukin 12 produced by activated macrophages stimulates Th 0 cells to differentiate into Th 1 cells. 9 Th 1 cells secrete gamma interferon, which enhances macrophage killing and induces isotype switching by B cells; the observed isotype response reflects these events. Aluminum hydroxide is commonly used as a vaccine adjuvant in food-producing animals. As an adjuvant, aluminum hydroxide tends to stimulate a Th 2 -type immune response. 2 Vaccination of mice with an aluminum hy-droxide Salmonella bacterin produces a Th 2 response, and Salmonella infection produces a Th 1 response. 22 If the function of T helper cells in the cow is similar to that in mice, Salmonella infection of macrophages would favor a Th 1 -type response. Because purified bovine B cells stimulated with recombinant bovine gamma interferon produce IgG 2 antibodies, 3 a Th 1 -type immune response in cattle may be associated with the production of IgG 2 antibodies.
In this study a distinct difference in the isotype response of cattle to acute and chronic (carrier state) Salmonella infection and to vaccination with a Salmonella bacterin was not observed. A mixed isotype response to Salmonella LPS and porin was observed in all groups; however, Salmonella infection stimulated a higher IgG 2 :IgG 1 ratio to LPS than did vaccination, suggesting that cattle may have mechanisms similar to those of mice and humans that regulate isotype switching. Salmonella-infected cows also responded more vigorously to Salmonella porin than did Salmonella bacterin-vaccinated cattle. The reported lack of efficacy of aluminum hydroxide Salmonella bacterins may in part reflect stimulation of an inappropriate type of immune response and/or failure to stimulate a consistent immune response to important antigens.
Demonstrating a persistent immune response to Salmonella LPS is 1 method of distinguishing Salmonella Dublin carriers from Salmonella-vaccinated and acutely infected cows using ELISA serology. The results of this study indicate that specific assessment of the IgG 2 response to Salmonella antigens improves the specificity of Salmonella ELISA serology for specific detection of Salmonella Dublin carrier cows without adversely affecting test sensitivity. 
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